This paper demonstrates the analysis of defect states in pentacene lm sandwiched between Au and Al electrodes by the deep-level transient spectroscopy method. Three hole-like deep energy levels were observed. The eective mass obtained from the simulation is applied and defect parameters, namely the capture cross-sections and the activation energy 3.7 × 10 −18 cm 2 at 0.34 eV, 3.1 × 10 −17 cm 2 at 0.41 eV, and 2.9 × 10 −15 cm 2 at 0.63 eV is determined from the Arrhenius plot. Reliability of obtained defect parameters is conrmed by simulation of deep level transient spectra and comparison with experiment.
Introduction
Semiconductor devices based on organic materials, such as organic eld eect transistors (OFETs), organic light-emitting diodes (OLEDs), and organic solar cells, have recently attracted research interests [14] . Recent research on organic devices has been concentrated on the applied research and focused on performance improvement. However, the fundamental research such as the charge transport mechanism investigation is also important. Although there are some similarities to the inorganic semiconductor devices, the principles of operation of devices based on organic semiconductors are dierent [5, 6] . In other words, since the organic electronic devices have no doping, all mobile charges are injected from electrodes and transported through organic lm [7] . As a result, the charge injection, carriers transport, and carriers trapping play a key role for device application.
Furthermore, the charge carriers trapping has been reported as one of the limitation factors of eective charge mobility [8] . The charge trap density in organic semiconductors reaches the value of the order of 10 18 /cm 3 due to a high sensitivity of these materials to the ambient environment, as well as an imperfect material crystallinity. In other words, the organic materials exhibit presence of chemical defects as well as structural defects. Hence, further improvement of device performance depends on detailed understanding of present limitations.
The localized levels created between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are assigned to the charge trapping phenomenon. For defects that are electrically active, techniques such as thermally stimulated current, impedance spectroscopy, or deep level transient spectroscopy (DLTS) have been successfully used for determining the trap parameters in inorganic semiconductors [9] . However, the application of these techniques * corresponding author; e-mail: lubica.stuchlikova@stuba.sk, martin.weis@stuba.sk for organic semiconductors and following data analysis are still not fully described.
The DLTS method investigates the relaxation processes of charge carrier capture and emission from localized states (deep energy levels) [9] . It has been used for determination of the fundamental parameters of deep energy levels activation energy E T and capture cross--section σ T . Even though there are many experimental [1013] and theoretical [1416] reports on activation energies of defects, the capture cross-sections of charge carriers have not been determined yet. Therefore, the detailed characterisation of defects requires further research.
The aim of this work is to demonstrate the results obtained by the DLTS experiments carried out on pentacene diode structure. The hole eective mass obtained from the molecular modelling is applied to evaluate the capture cross-sections and make subsequent discussion on defect properties. The simulation of the DLTS signal using the obtained defect parameters has been also performed.
Experimental details and methods
The devices used in this study were Al/pentacene/Au sandwich structures as depicted in Fig. 1a . The glass plates made of the Corning 1737 glass with a near zero alkali-alumino-silicate content have been used as substrates. Prior the thin lm deposition, the substrates were washed in ultrasonic bath by isopropanol and pure water, consecutively, and then cleaned up by oxygen plasma. All the layers have been prepared by the thermal evaporation in a vacuum better than 8 × 10 −6 Torr through the shadow masks to determine the device area (0.49 mm 2 ). Pentacene (> 98%, Acros Organics) layer 260 nm thick has been deposited at a constant evaporation rate of 0.5 nm/min. The Al and Au layers had thicknesses of 80 and 65 nm, respectively.
Electrically active defects and emission processes have been studied by the DLTS technique using the constant as well as the transient amplitude have been applied for every transient measured at given temperature. From the analysis of the transients measured during a temperature scan the Fourier coecients a n and b n of n-th order are determined and plotted as the DLTS spectrum [17] . In contrast to the rate window approach, the Fourier analysis based DLTS is more sensitive and precise [17, 18] . These electrical measurements were carried out using a BIORAD DL8000 measuring system. Thirty six sets of DLTFS spectra were measured. In DLTFS experiments wide ranges of reverse voltage biases (from −1 to 2.5 V), pulse voltages (from 1 to 3 V), temperatures (from 90 to 300 K), and times of the lling bias pulses (from 0.5 to 3 ms) were employed to investigate charge relaxation.
Results and discussion
The energy band diagram illustrating Au/pentacene/Al device is depicted in Fig. 1b . The difference between the metal work function and the HOMO (LUMO) energy level represents the injection barrier for holes (electrons). Since HOMO and LUMO energies for pentacene are 5.0 and 3.2 eV [19] , respectively, the metals Au (5.3 eV) and Al (4.2 eV) [20] have been chosen as the electrode materials for low and high level of the charge carriers injection into pentacene, respectively (Fig. 1b) . Figure 1 shows the current density versus voltage measurements of the device at the temperature of 300 K and conrms rectifying behaviour of the fabricated structure with rectication ratio of 10 3 in the applied voltage region. Subsequently, the capacitance transients have been recorded at temperatures ranging from 90 to 300 K. Typical DLTS spectra are demonstrated in Fig. 2 for the following setup: time period T w = 0.6 s, lling time t P = 1 s, lling pulse voltage V P = 3 V, and reverse voltage V R = −0.05 V.
Obviously, the obtained DLTS spectra represent the sum of multiple relaxations, related to emission processes from deep energy levels. The emission processes from traps denoted as T1, T2, and T3 are most signicant at Moreover, the Arrhenius plot can provide the capture cross-section (σ) using the relation
where e i , K i , T , and k B are the emission rate of i-th trap, material coecient corresponding to i-th trap, temperature and the Boltzmann constant. The material coecient K i is dependent on the eective mass m * as follows:
where m * s is the density-of-states eective mass. Because there is no experimental estimation of the eective mass, the reported molecular modelling provided the eective mass values of 1.30m 0 [21] , 3.31m 0 [22] , and 5.52m 0 [23] .
Capture cross-section evaluated using these values are summarized in Table I . Noticeably, although the higher value of eective mass leads to lower eective capture cross-section, the dierences are within one order of magnitude and they demonstrate the error of the estimation. It should be added here that the thermal velocity, v th = (3k B T /m * ) 1/2 , varies in the range from 5 × 10 6 to 1 × 10 7 cm/s, which, to some extent may inuence the analysis. Table II presents the deep level parameters calculated for the assumed value of the eective mass m * /m 0 = 3.31. These results were veried by evaluation of more than ten sets of measured DLTS spectra. oxygen-related defect 0.62 eV by DFT [14] The deep energy level T1 (E T1 = 0.34 eV) is in good agreement with the reported trap activation energy of 0.34 eV, which has been assigned to the hydrogen defect (dihydropentacene, CH 2 ) based on density functional theory (DFT) calculations [14] . The deep energy level T2 (E T2 = 0.41 eV) corresponds to water-related defect with the activation energy of 0.43 eV obtained from variable range hopping between localized states and multiple trapping and release model (VRH-TRM) [15, 16] . The third deep energy level T3 (E T3 = 0.63 eV) has been reported as the defect related to the oxygen atom (pentacenequinone, C=O) with the activation energy equal to 0.62 eV. This value was determined by DFT calculations [14] . The evaluated deep level parameters have also been used for simulations of the DLTS spectra. Figure 4 presents the simulated DLTS spectra for the Fourier coecient b 1 (T w /2) corresponding to the above--mentioned measurement conditions. The good agreement between the simulation results and experimental data conrms reliability of the estimated defect parameters. 4. Conclusion In this work the thermal emission processes in the Au/pentacene/Al sandwich structure have been investi- gated by the DLTS method, based on the Fourier transform analysis of the measured capacitance transients under various experimental conditions. Three hole-like deep energy levels T1, T2, and T3 have been found. The deep level T1 with the activation energy E T1 = 0.34 eV and capture cross-section σ 1 = 3.7 × 10 −18 cm 2 has been assigned to the hydrogen-related defect (dihydropentacene). The deep level T2 with the activation energy E T2 = 0.41 eV and capture cross-section σ 2 = 3.1 × 10 −17 cm 2 corresponds to a water-related trap state. The third level T3 with the activation energy E T3 = 0.63 eV and capture cross-section σ 3 = 2.9 × 10 −15 cm 2 , has been assigned to the oxygen-related defect (pentacenequinone). The estimated defect parameters have been veried by the simulation of the DLTS spectra and their comparison with the experimental spectra. These results demonstrate the application of the capacitance DLTS technique with the Fourier analysis, as a method, suitable for the studies of defects in organic semiconductors and illustrate its potentialities for verication of theoretical models.
